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Abstract
Nuclear fission is commonly known as a process where a heavy nucleus such as Uranium
or Thorium decays into two fragments of roughly equal mass. On occasion however, in-
stead of decay into two parts a process known as binary fission, the nucleus can decay
into three fragments. In this decay channel known as ternary fission, the nucleus splits
into three fragments with the third particle being too light compared to the main fission
fragments. There are also instances where heavy nuclei split into three fragments of com-
parable masses, the so called “true ternary fission” as was predicted by the theoretical
calculations of Strutinsky [Str63]. While theoretical predictions hold promises for this de-
cay mode, experimental attempts had little success in proving the existence of true ternary
fission in low energy fission. The challenges and difficulties faced by experimentalist in
confirming the existence of true ternary fission also proved that this fission mode is a very
rare phenomenon.
This thesis is devoted to the investigation of ternary fission know as collinear cluster tri-
partition (CCT) in spontaneous fission of 252Cf , and the design and development of two
time-of-flight spectrometers aimed at identifying all collinear multi-body decay partners
directly. Prior to this study the only technique that was used at identifying decay partners
in CCT was the “missing mass” approach. In this approach only two partners are identified
directly with the third partner being identified by subtracting the two observed partners
from the initial mass of the nucleus.
The experimental results from the two spectrometer setups showed that it was possible
to identify all three partners of the CCT channel. The results also confirmed the existence
of the so called “Sn lost” CCT mode which was already observed in earlier experiments.
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Chapter 1
Introduction
1.1 Nuclear Fission
Soon after Fermi and his collaborators discovered that neutrons can be the most effec-
tive projectile in nuclear reactions and mostly in producing new heavier elements [Fer34],
there was an increase in the interest for finding nuclei of higher mass, and charge number
more than the one which was already known at that time. Fermi discovered that if the
heaviest known element, in his case, uranium is bombarded with neutrons, it is possible to
produce new elements with atomic number greater than that of uranium. In 1939, Hahn
and Strassmann following up on Fermi’s work discovered that uranium bombarded with
neutrons sometimes produces smaller nuclei that are approximately half the size of the
original uranium nucleus [Hah39]
Experimental work carried out by Meitner and Frisch on the Disintegration of Uranium
by Neutrons revealed that the uranium nucleus after absorbing a neutron actually splits
into two roughly equal pieces [Mei39]. This phenomenon came to be known as nuclear
fission. Meitner and Frisch used a so-called liquid drop model of nuclei to describe the
fission process by drawing on the similarity of the nuclear fission process with the division
of a liquid sphere into two smaller droplets as a results of some deformation caused by
an external disturbance. Soon after the discovery of the nuclear fission Bohr and Wheeler
performed the first quantitative calculations based on the fission process using the liquid
drop model [Boh39].
1
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Nuclear Fission is characterized by the splitting of a heavy nucleus into two or more
lighter nuclei. The resulting nuclei from fission are called fission fragments and usually
denoted as FF. The most common and well known fission process is the binary fission. In
binary fission a nucleus normally splits into only two lighter nuclear fragments. Physicists
however soon realized that binary fission was not the only fission process that could result
from the splitting of the nucleus and that the heavy nucleus could be split into three or
more fragments. This resulted to the discovery of other nuclear fission processes namely
ternary fission where nucleus splits into three fragments and quartenay fission, where the
nucleus splits into four daughter nuclei. This thesis however will be devoted into the study
of ternary fission with particular focus on collinear tri-partition.
1.2 Ternary Fission
Ternary fission was first discovered in 1946 by Green L.L. and Liversy D.L. [Gre47]. As
already mentioned above, ternary fission is a process where a nucleus splits into two fission
fragments accompanied by a light charged particle (LCP) which is usually an alpha particle.
It is a consequence of the binary fission process where the fissioning nucleus splits into
three fragments instead of the normal two. In instances where the nucleus splits into three
particles of equal mass the process is known as true ternary fission. At the moment, there
are two types of ternary decay of low and middle excited nuclei found to exist, namely
conventional ternary fission and polar emission [Tsi47].
1.2.1 Conventional Ternary Fission
In a conventional ternary fission (usually just called ternary fission) a LCP which accom-
pany the fission process is emitted almost perpendicular to the fission axis due to the strong
focusing effect of the Coulomb field. The characteristics of these particles are influenced
by the Coulomb field. Mostly He isotope is emitted, although particles up to the mass of
36 have been observed [Gon00].
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This form of fission was intensively studied in experiments dedicated to spontaneous and
thermal neutron induced fission. It was discovered that for the range of spontaneously
fissioning or fissile actinides from Thorium to Fermium, the probability ratio of ternary to
binary fission increases by a factor of about 5 [Gon04]. For the heavier ternary particles
the yield depends on the fissioning compound. The fact that the LCP in the conventional
ternary decay is emitted almost perpendicular to the fission axis demonstrates that the
LCP is born near scission in the neck region of the two main fragments [Gon04]. By scis-
sion here we mean an instance of splitting of a nucleus.
Work carried out by Ronen on the study of The Relationship between ternary fission and
cluster decay proved that the similarity between ternary fission and cluster decay suggest
that other ternary emission can be considered to be cluster decays, just as ternary alpha
emission may be seen as alpha decay [Ron02]. Cluster decay is generally defined as a ra-
dioactive decay in which the emitted particle is heavier than alpha particle (cluster decay
will be discussed in more details later in this chapter). Ronen also suggested that the
clusters obtained in cluster radioactivity, are related to clusters with high yield obtained
in ternary fission. This suggests that ternary fission is a cluster decay of the fissioning
nucleus in the last phase of the scission process.
Ternary fission is energetically more favorable than binary fission. Evidence of this was
shown by Swiatecki [Swi58] on the calculations of the amount of energy released when a
nucleus disintegrate into n fragments based on the liquid drop model. The results showed
that fissioning of a heavy nucleus into three fragments releases more energy than binary
fission for all nuclei with fission parameter 30.5 < Z2/A < 43.3. Swiatecki suggested that
for the purpose of experimental detection of ternary fission one should use nuclei with
maximum available value of fission parameter Z2/A.
1.2.2 Polar Emission
Polar emission was first observed by Piasecki and his colleagues on their work on Polar
Emission and Evaporation from Fission Fragments [Pia70] as an emission of charged par-
ticles moving almost along the fission axis. Polar emission was understood to be explained
by a model based on a hypothesis that polar particles are evaporated from excited fission
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fragments and this model was called evaporation model [Pia73], [Pia74]. At that time, this
was the only model that could explain polar emission and attempts to verify this model
were performed by comparing theoretical predictions with experimental data [Now82].
In the experiment presented in [Now82] where polar emission was investigated in 252Cf
and 235U+nth fission, about 4000 polar events were registered and identified. The intensity
of polar emission was calculated by setting borderlines at 15o and 155o (the angles were
measured with respect to the light fragment trajectory). In this way, it was possible to ob-
tain the ratios of the polar to equatorial (P/E) emission intensities for protons, deuterons,
tritons, 4He and 6He. Knowing the P/E values one can determine the probability of polar
emission. Comparison of the probabilities of polar emission in californium and uranium
gave interesting results as discussed in [Now82]. It is worth noting that the P/E ratios
decreases with increasing particle mass and a similar dependence was also observed in the
case of 236U presented in [Pia80].
The energy of a polar particle is higher than the energy of particles emitted in the con-
ventional tri-partition. Although it seems that this energy changes smoothly on passing
from equatorial to polar range of angles. The kinetic energy of fission fragments which are
accompanied by polar particles is lower than in bi-partition. The decrease of the energy of
the fission fragments which moves in the same direction as the polar particle is explained
by the recoil effect due to the particle emission. A similar decrease of energy for the fission
fragment moving in the opposite direction to the polar particle is also observed. This
means that polar emission prefers more stretched scission configurations as compared to
conventional binary fission.
The mass distributions of 252Cf fission fragments moving in the same direction as polar
particles are presented in Fig 1.1 below. If the polar emission along the light fragment
trajectory is considered the L-emission and along the heavy fragment trajectory the H-
emission then the asymmetry of the distributions shown in Fig 1.1 reflects the differences
between the intensities of L-emission and H-emission, that is, the fact that the polar emis-
sion along the light fragment trajectory is more frequent than along the heavy fragment.
It is not known, whether the polar emission is a sequential process of binary fission which is
followed after some delay by the light particle emission, or whether it is a three body-break
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FIG. 1.1. Mass distribution of 252Cf fission fragments obtained from [Now82].
up process. If the process is a sequential one and the delay is greater than, say 2× 10−21s,
then it is highly probable that the emission takes place from the fragment going in the same
direction as the emitted light particle [Pia75]. This is because; in the other case the initial
energy of this particle would be unreasonably high to overbalance the fragment velocity
and to give finally the observed 23MeV of kinetic energy in the lab system [Pia75].
1.2.3 True Ternary Fission
True ternary fission as already defined above, is the disintegration of a nuclear system into
three fragments of comparable masses. It was also mentioned that this process is not only
energetically permitted but is also more favorable than binary fission [Pre41].
Fission of a nucleus into three fragments of equal mass is a rare event as concluded by
Perfilov et al in their work of Physics of Nuclear Fission [Per57], [Mug63], [Sto66]. The
presence of true ternary decay was declared by Muga et al in their study of Ternary Fission
of Heavy Nuclei [Mug67] from the series of experiments on actinide targets to have a yield
of about 10−6 per binary fission.
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According to the results of instrumental measurements, when uranium is bombarded by
slow neutrons, only one ternary fission is observed for every 105−106 binary fission. When
the energy of the bombarding particle is increased, the probability of fission into three
fragments of equal mass was observed to be increasing [Fle66], [Iye66].
1.3 Collinear Cluster Tri-partition
The fission process where by a nucleus disintegrate into three particles is bounded by two
extreme modes. One mode is where the scission neutron is accompanied by two primary
fragments and the other mode is the production of three primary fragments with approx-
imately equal masses. The given definition of ternary fission covers the whole spectrum
of the two extreme mode boundaries. The mode where three fragments of approximately
equal masses are emitted is referred to as true ternary fission. In cases where the nucleus
disintegrates into three fragments and the fragment mass ratio and the other parameters
of fission can be ignored, the fission process is referred to as tri-partition.
Calculations of equilibrium shapes of the fissioning nucleus performed by Strutinsky in
the liquid drop model (see Fig 1.2) [Str63] showed that along with the ordinary config-
uration in a scission point of a nucleus with one neck, there is a possibility of having
even more elongated complicated configurations with two or three necks even though such
configurations are less likely to happen. Diehl and Greiner also showed that fission of a
nucleus into three fragments of similar size prefers a prolate over the oblate saddle point
shape [Die73], [Die74]. Such pre-scission configurations could lead to an almost collinear
separation of decay partners at least in a sequential fission process [Pya10].
In our previous experiments, strong indications of ternary fission with almost collinear
kinematics of the products and clustering as a physical reason of the process were ob-
served. The total mass of the two registered fission fragments which fly apart almost
collinearly was significantly less than the mass of the initial nucleus. The mass of at least
one of the detected fragments corresponded to the mass of one of the known magic nucleus.
This decay channel is referred to as “Collinear Cluster Tri-partition (CCT)”.
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FIG. 1.2. The potential energy of absolute equilibrium shapes for the conventional sequence
of shapes (1 and 2), two-neck shapes (3) and three-neck shapes (4) [Str63].
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1.3.1 Experimental Evidence of the Collinear Cluster Tri-partition
The Flerov Laboratory of Nuclear Reaction (FLNR) of the Joint Institute for Nuclear Re-
search (JINR) in Russia has in the past performed a number of experiments devoted to
the search for collinear cluster tri-partion (CCT). One of the experiments where the CCT
was revealed for the 252Cf nucleus is discussed below.
The CCT manifested itself via pronounced structures in the mass-mass distribution of
the fission fragments. There are a number of methods that can be used to measure the
mass of nuclear reaction products and these methods include the double energy versus
double velocity (2E − 2V ) method, the double energy (2E) method, the double velocity
(2V ) method, etc [Kim93]. The TOF −E (time-of-flight versus energy) method however is
the only one that uniquely allows the study of the multi-body decays. The method allows
the measurement of both the velocity V of the fragment obtained from the TOF and the
energy E for each fragment individually. The fragment mass M is calculated by simply
using the kinematic equation M = 2E/V 2.
The experiment (see Fig 1.5) to be discussed here was performed with the Modified FOBOS
Spectrometer setup at the Flerov Laboratory. The Modified FOBOS setup is a two-arm
spectrometer setup. Each arm consists of five big and one small standard FOBOS mod-
ules [Ort98]. Each module includes a position-sensitive avalanche counter (PSAC) and a
Bragg ionization chamber (BIC). Such a double-armed TOF-E (time-of-flight vs energy)
spectrometer allows a measurement of the energy and the velocity vectors of the coincident
fragments. The scheme of the modified FOBOS setup and the overall view of the original
FOBOS setup are shown in Fig 1.3 and Fig 1.4 respectively.
About 13 × 106 coincident binary events were recorded for this experiment. The TOF
of the fragments was measured over a flight path of 50cm between the “start” detector
(indicated by 3 in Fig 1.5) which is also referred to as the Micro-Channel Plate (MCP)
based detector. The detector is placed next to the 252Cf source (1) and the “stop” Position
Sensitive Avalanche Counter (PSAC, 4).
The energies of the coincident fragments that pass through the PSACs were measured in
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FIG. 1.3. Schematic view of the modified FOBOS setup.
FIG. 1.4. The overall view of FOBOS spectrometer with a belt of neutron counters.
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FIG. 1.5. A scheme of the experiment performed at the FOBOS setup for coincidence
measurement of two fragments of the CCT partners for 252Cf [Pya10].
the Bragg Ionization Chamber (BIC, 5) with entrance window supported by a grid (6)
that has a transparency of 75%. The geometric structure of the grid is hexagonal as shown
in insert (a) of Fig 1.5. The 252Cf source is mounted on Al2O3 backing (2) of thickness
50µg/cm2 , while the other side is free or coated with Au of 20µg/cm2.
Results
A detailed explanation of the results obtained in the above experiments is presented
in [Pya07a], but it is worth highlighting the salient points of the results that revealed
the CCT decay. A two dimensional distribution of the two registered masses of the coin-
cident fragments in the experiment at the FOBOS setup is shown in Fig 1.6 below.
The outstanding structures seen from the above distribution are the “tails” marked by
the numbers 3 to 7. The structures marked by number 1 and 2 show fragments from the
conventional binary fission. The interesting events are separated from the normal binary
fission events by a line that represents the total mass of Mtotal = 225. The “tails” marked
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FIG. 1.6. Contour map of the mass-mass distribution of the collinear fragments detected
in coincidence in the two opposite arms of the FOBOS spectrometer setup [Pya10].
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by the numbers 3 to 6 are mainly due to the scattering of the fragments on the foil and the
grid of the “stop” detectors. There is a difference between “tail” 3 and “tail” 4 which is the
distinct structure or “bump” that is marked by number 7 and is oriented approximately
parallel to the line that defines the constant sum of the detected masses.
This astonishing “bump” (structure number 7 in Fig 1.6) is located in the region that
corresponds to a large “missing mass”. This “bump” can be explained by considering
insert (b) shown in Fig 1.5. One must also take note of the fact that when the ternary
fission takes place the two light fragments are emitted in the same direction with the
third heavy fragment being emitted in the opposite direction. The two light fragments
going in the same direction are separated by an angle which is less than 1o after passing
through the backing of the source. The backing of the source is located on the side of tail 4.
In the case that both light fragments (i.e the two going in the same direction) pass through
the hexagonal grid and enter the BIC, a signal corresponding to the sum of the energies
of the two fragments is registered as a binary fission event. In the other case, when one
light fragment passes through and enter the BIC, while the other light fragment is stopped
(lost) in the supporting grid of the ionization chamber, then only a proper energy (or mass)
of one light fragment is registered. This methodic approach is called the “missing mass”
method, because the mass of one of the light fragments is lost.
Discussion
The experimental observation from this experiment was interpreted as a collinear ternary
decay with two fragments of similar mass and one heavy fragment [Pya10]. This result was
different from the previously reported ternary fission [Gon05], where a third light fragment
was emitted perpendicular to the axis spanned by the heavy fission fragments.
The distribution which shows a contour map of ternary mass splits is shown in Fig 1.7.
This distribution is free from experimental background and binary fission events. As men-
tioned above, the ternary process that is being considered here is the one where one heavier
fragment and two light fragments are emitted.
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FIG. 1.7. Distribution which shows a contour map of the difference between the tails 3
and 4 in Fig 1.6
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As can be seen in Fig 1.7, the ridges (marked by the dash lines) pass through crossing points
corresponding to different combinations of two fragments with “magic” nucleon numbers
(marked by the dot-and-dash arrows). These marked points are related to mass values
with magic subsystems that are well-known from binary fission [Wil76], [Roc04]. These
magic subsystems are:
204→70 Ni+134 Te or 72Ni+132 Sn missing 40Ca
208→80 Ge+128 Sn missing 44S28
For Mtotal = 212→80 Ge+132 Sn or 78Ni+134 Te or 68Ni+144 Ba
It should be stressed that the observation of the structures for the masses of the emitted
fragments and the “missing” masses corresponding to the known shells must be seen as
conclusive argument in favor of the physical origin of the effect of tri-partition [Pya07a].
Some features of the two dimensional distribution shown in Fig 1.7 above can be further
emphasized by applying a second derivative filter to Fig 1.7. The result of this process
is shown in Fig 1.8 below. The second derivative filter is typically used in the search for
gamma spectra and further details on it can be found in [Mar67] and [Pya02]. As can be
seen in Fig 1.8 the maxima of the peaks extend over certain linear regions of M2 = constant,
which are found predominantly as discrete diagonal lines. These lines correspond to the
total masses M2 = constant with values of 204, 208, 212 and perhaps 214amu, respectively.
One of the decay modes which contribute to the bump discussed above can be treated as
a new type of cluster decay as compared to the well-known heavy ion or lead radioactiv-
ity [Pya10]. The relatively high CCT yield can be understood if one assumes collective
motion through the hyper-deformed pre-scission shapes of the mother systems, which is
supported by the fact that the linear arrangement recognizes the lowest Coulomb poten-
tial energies of three clusters. It should also be emphasized that the Q-value for ternary
fission is 25− 30MeV more positive than in binary fission, due to the formation of magic
fragments [Pya10]. Thus the ternary fission process must be considered to proceed sequen-
tially with two neck ruptures in a short time sequence characteristic for binary fissions.
The comparison between the parameters of the CCT and lead radioactivity is shown in
Fig 1.9.
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FIG. 1.8. Shows the same distribution as in Fig 1.7 but a second derivative filter has been
applied to emphasize the local peaks in each section of the Ms = constant.
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FIG. 1.9. Parameters of Lead Radioactivity in comparison with those of CCT [Pya10].
1.3.2 “Sn-lost” CCT mode
In an experiment performed with one of the collaborating partners at the Accelerator
Laboratory of the University of Jyvaskyla (JYFL) a specific CCT mode based on the lost
double magic 132Sn cluster was observed. This mode was referred to as a “Sn-lost” CCT
mode due to the fact that it was realized that the lost nucleus was the double magic 132Sn.
Further description of this phenomenon is given below. The experiment which revealed
this phenomenon required a special time-of-flight spectrometer which was installed in the
Large Scattering Chamber facility at JYFL. The scheme of the experimental setup of this
time-of-flight spectrometer is shown in Fig 1.10. In this setup a thin 252Cf source is placed
in the middle of a symmetric setup with a total of 4 Micro-Channel Plate (MCP) based
detectors and two PIN diodes.
Each arm of the spectrometer setup consists of two MCP detectors. The separation distance
between the MCP detectors is 8cm with the first MCP 6cm from the source. The total
flight-path for fission fragments from the source to the PIN diode is 21cm. The MCP
detectors provided time-of-flight signals with resolution of approximately 120ps. This
setup provided a total of eight parameters, four more than the standard FOBOS setup
which made it possible to perform additional crosschecks for data consistency.
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FIG. 1.10. A scheme (a) and a photo (b) of the setup performed at JYFL.
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Results and Discussion
From this experiment a specific mode based on the double magic 132Sn cluster was observed.
The mass-mass distribution of the events selected by velocities and energies of this mode
is shown in Fig 1.11.
FIG. 1.11. Mass-mass distribution of fragments selected by velocities and energies for the
“Sn-lost” CCT mode.
The tilted lines in Fig 1.11 correspond to the missing magic clusters of 132Sn and 144Ba.
This missing cluster can be clearly seen in the mass spectrum in Fig 1.12 which is the
projection along these lines. Pre-scission configuration which presumably gives rise to the
mode under discussion is shown in Fig 1.13. As we can see from Fig 1.13, the Sn cluster can
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“move” as a whole along the cylinder-like configuration that consists of residual nucleons.
Two light fragments accompanying this cluster marked by M1 and M2 were actually
detected in previous experiments. The value of M2 lies between 0amu and the difference
between the initial mass of 252Cf and the detected fragments. M1 cannot assume any
value less than 95amu (deformed magic 95Rb).
FIG. 1.12. Mass spectrum for the structures marked by red lines in Fig 1.11
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FIG. 1.13. Schematic pre-scission configuration of the CCT mode based on the double
magic 132Sn cluster.
Motivation for the development of the new setup
The question that arises here is whether 132Sn can be replaced by the double magic 208Pb
in this decay mode. Theoretical indications of such a mode were obtained in [Pas09] and
are shown in Fig 1.14. As the figure shows the potential energy of the fissioning nucleus of
252Cf corresponds to the bottoms of the potential energy valleys as a function of parameter
Q (Q is proportional to the quadrupole moment of the system).
Compact shapes of the system along the valley of lead radioactivity, marked by 1 in Fig 1.14
give rise to the huge barrier in this channel which gives a very low decay yield. This is in
sharp contrast to the elongated pre-scission chain-like configuration in the CCT channel
which provides the dramatic decrease of the barrier resulting in a high CCT yield [Pya10a].
The relatively high CCT yield can be understood by assuming a collective motion of the
hyper-deformed pre-scission shapes of the mother systems, which is supported by the fact
that the linear arrangement recognizes the lowest Coulomb potential energy of the three
clusters. It should also be emphasized that the Q-values for ternary fission are 25−30MeV
more positive than in binary fission, due to the formation of magic fragments [Pya10]. Thus
the ternary fission process must be considered to proceed sequentially with two neck rup-
tures in a short time sequence characteristic for binary fissions.
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FIG. 1.14. Potential energy of the fissioning nucleus of 252Cf corresponding to the bottom
of the potential valleys as a function of a parameter Q proportional to the quadrupole
moment [Pya10a].
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Considering the possibility that 132Sn can be replaced by double magic 208Pb opens up
a new mode of lead radioactivity. Searching for such a mode is one of the goals for de-
signing a Light Ions Spectrometer which will produce better statistics and more precise
time-of-flights measurements.
1.4 Conclusion
The results of the experiments presented above were obtained in the framework of the
“missing mass” approach meaning; only two fragments were actually detected with the
third one missing. The total mass of the detected fragment being less than the mass of
the mother system serves as an indication of the multi-body decay. The direct detection of
all the decay products will provide the most convincing experimental approach. However
direct detection of all the decay partners presents its own set of complications as one need
to use a mosaic detection system.
A multi-detector registration system for the study of multi-body decays of heavy nuclei
is needed to achieve the direct detection of all the decay partners of the proposed decay
scenario. Chapter two of this thesis will give a description of the experimental techniques
where two multi-detector registration systems are presented. The first detector system
to be discussed is called the Correlational Mosaics E-T Array (COMETA) setup. The so
called “Neutron Belt” of the COMETA setup, the electronics and data acquisition system
will be discussed in the same chapter. A description of the second and latest setup in the
detection of multi-body decay referred to as Light Ions Spectrometer (LIS) will also be the
focus of chapter 2. Physical motivation and the electronics of LIS will also be discussed.
Both LIS and COMETA setup use similar data acquisition system.
Data analysis will be presented in chapter three. In this chapter calculation of the de-
tection efficiency of the “Neutron belt” of the COMETA setup using both results obtained
from a modeling process and experimental data will be discussed. Stability of the data
and calibration process for the two detector systems will also be discussed. Plasma delay
and correctness of velocity measurement will also be discussed in this chapter and lastly
the first data obtained from the LIS setup will be analyzed.
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Chapter four will focus on preliminary results of the LIS setup and conclusions for fu-
ture experiments. This chapter will also provide a conclusive summary of all the work
covered and provide plans for the future experiments.
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Experimental Setups and Techniques
2.1 Introduction
In this chapter, the focus is on the various techniques and systems used in the detection
and investigation of Collinear Cluster Tripartition (CCT). In the previous studies of this
rare decay phenomenon most of the experimental observations were undertaken under the
“missing mass” method, i.e. only two out of the three fragments were detected the other
one was missing (as was discussed in chapter 1). To further understand this phenomenon
very well, different nuclear systems in a wide range of excitations were investigated. From
all the methods followed, it became evidently clear that direct detection of all three decay
partners would prove to be a more convincing experimental approach compared to the
“missing mass” method. Therefore a far more complex spectrometer of high granularity
capable of detecting all decay partners was needed.
A simpler prototype of such a spectrometer was successfully used in an earlier experi-
ment at the Flerov laboratory. With this prototype all decaying partners from the ternary
fission of 234Pa from the reaction 232Th + d(10MeV ) were observed [Kam10a]. The yield
of this effect was dependent on the geometry of the experiment and amounted to 10−5 per
binary fission. The experimental angular spread of the ternary decay products flying in the
same direction was observed to range from 1o up to 20o [Kam10a]. The mass spectrum of
the lightest fragment from each detected triplet of fragments revealed a gross peak in the
range of 20− 40amu. The spectrum agreed with the results from our CCT studies under
24
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the missing mass method [Pya07a], [Kam08].
2.2 Overview of the Si Detector Based Mosaic Spec-
trometers
Technological advances in semiconductor technology allowed experimentalist at Technis-
che Universitat Munchen in Garching Germany to build a first so called double-arm fission
fragment spectrometer. The very first successful double-arm spectrometer with large PIN
diode detector array (Mosaic) was reported by Kim Y.S. et al [Kim93]. Before the develop-
ment of such technology silicon surface barrier (SSB) detectors were used for spectrometric
experiments because of their very thin dead layer, which is a quality that is essential for
the detection of heavy fragments.
The use of semiconductor detectors as double arm spectrometers in fission spectroscopy
however brings about two technical challenges. The first challenge is the correction of pulse
height defect (PHD) which refers to the difference between the energy of a heavy ion and
that of an alpha particle yielding the same pulse height [Yam07] and has serious effect on
the data. The accuracy of the data is directly limited by the accuracy of the PHD correc-
tion. The second challenge is “plasma delay”. The “plasma delay” however has less effect
on the data than the PHD and can be reduced by increasing the flight length. Various
PHD correction schemes developed for the use of semiconductor detectors were mutually
consistent only within a few MeV which was not satisfactory for the purpose of the current
experimental studies.
2.3 Motivation for using Mosaic Spectrometers in the
study of the CCT phenomena.
Understanding the CCT process in details will require much more effort in both theory
and experiments. However from the observations and results obtained from previous ex-
periments [Pya07a], [Pya10] and [Pya10a]; one can draw reliable conclusions regarding
the existence of the CCT process. The observed ternary decay has been considered as a
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sequence of two neck ruptures of a hyper-deformed shape. Following the neck raptures,
strongly deformed substructures are formed with their masses equal to the sum of two
magic clusters (that consist of Sn or Te for heavy fragments and Ge or Ni for light ones)
and a complementary light fragment L1 [Pya07a]. A next rupture of the heavy fragment
from the first stage leads to a formation of a second light cluster L2 and a complimentary
heavier fragment with a mass slightly larger than Sn or Te. An alternative case leading
to the horizontal lines shown in Fig 1.7 of chapter 1 differs by a creation of Ni cluster at
the first step of the process [Pya07a].
The results presented in chapter 1 and by [Pya07a] for the decay of 252Cf nucleus show
that the true ternary spontaneous decay channel has been observed with good statistical
accuracy and in agreement with the latest theoretical expectations [Poe02]. The decay
fragments with masses in the vicinity of magic 132Sn, 70Ni and 48Ca isotopes fly apart
almost collinearly. The probability of this decay is not less than 4×10−3 relative to binary
fission [Pya07a]. Thus the probability of this decay is larger than that of the known light
charged particles accompanied “ternary fission”. From the evidence of the results pro-
vided above it is therefore clear that the decay is due to the formation of multi-component
nuclear molecules based on magic nuclei as clustered substructures in the body of the de-
caying system.
The use of traditional spectrometers in the detection of CCT brings its own set of chal-
lenges. The masses defining the decay mode under investigation differ radically, that is,
one is very light while the second one is very heavy. Therefore the challenge with the
traditional spectrometric detector systems is to be able to measure the correct energy and
time-of-flight of heavy ions in this wide range of energies and masses. For this reason it is
therefore more advantageous to use a Mosaic Spectrometers in the study of CCT phenom-
ena than the traditional spectrometric detector systems as it is explained in the follow-up
section.
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2.4 COMETA Setup
In order to increase the reliability of selecting the CCT events by means of direct detection
of all the partners, a new mosaic of PIN-diodes spectrometer referred to as COMETA
(Correlation Mosaics Energy-Time Array) spectrometer was brought into operation at the
Flerov Laboratory.
2.4.1 Description of the COMETA setup
The COMETA is a double arm time-of-flight spectrometer that consists of a Micro-Channel
Plate (MCP) based “start” detector, two mosaics of eight PIN diodes each and a “neutron
belt”. The schematic view of the COMETA is shown in Fig 2.1 and the photographic view
of the COMETA setup is shown in Fig 2.2.
The design of the MCP based “start” detector is in such a way that the 252Cf source is
installed inside the detector. The size of each PIN diode in each mosaic is 2cm× 2cm and
provides both the energy and time signals. The “neutron belt” which comprises of 28 3He
filled neutron counters is located in the plane perpendicular to the symmetry axis of the
setup. The distance between the MCP based “start” detector and the mosaics in each arm
is 15cm.
2.4.2 “Neutron belt” of the COMETA
The COMETA setup as shown in Fig 2.1 and Fig 2.2 consists of 28 3He filled neutron
counters that are positioned as a belt around the start detector of the spectrometer and
used for the detection of neutrons in coincidence with the fission events. When a fission
event is registered by the mosaics or PIN diodes, it triggers the neutron counters to open
a gate for the detection of neutrons.
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FIG. 2.1. Scheme of the COMETA which consist of two mosaics of PIN-diodes (4), MCP
based “start” detector (2) with 252Cf inside (1) and a “neutron belt”(3) that consist of 28
3He-filled neutron counters. The configuration of the belt is shown on the insert marked
by the arrow.
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FIG. 2.2. a) Overall view of the COMETA and the “neutron belt” b) MCP “start” detector
and mosaics of PIN diodes mosaic.
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Neutron Counters
As it is describe above the “neutron belt” used in the detection of neutrons in coincidence
with the fission fragments consist of 28 3He neutron counters. Each neutron counter
consists of a moderator, a high-voltage input and a preamplifier. The counters operate
under a gas pressure of 7bar (with an additional of 1% CO2). Each counter has a length
of 50cm and a diameter of 3.2cm. The counters are housed in moderators which are made
up of polyethylene material. The moderator consists of parallel planes that are placed 5cm
apart. Neutrons entering the detector are slowed down for about 1− 4µs when they reach
the polyethylene material. Then after a few microseconds they diffuse into the moderator
where they are either absorbed by the 3He counter or they escape detection. Fig 2.3 below
shows a photo of the neutron counter and the moderator.
Detection of neutrons inside the counter occurs through the absorption of thermal neutrons
according to the following reaction
3He+ n→3 H + p+ 764keV (2.1)
As equation 2.1 shows one neutron can only be registered once, meaning that there is no
“cross-talk” where one neutron can be detected more than once by the detectors. The
helium counters do not give information about the energy of the neutrons, but that is not
a concern as the objective of the setup is to measure the number of neutrons not their
energies.
2.4.3 Electronics
The COMETA setup is a multi-detector system with PIN diodes used to provide both
energy and time signals. For the time signal each PIN diode is used as a “stop” detector
that provides the “stop” signal of fission fragments with the MCP providing the “start”
signal. The two signals i.e. “start” and “stop” signals define the time-of-flight (TOF). The
electronic components of the COMETA consist of three Constant Fraction Discriminators
(CFD CF 8100), one for each mosaic from the two arms and the third one used for the
“start” signal from the MCP detector. The time signal from the CFD of PIN diodes is
delayed for 100ns and then sent to the Time to Digital Convertor (TDC Silena 4418). The
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FIG. 2.3. Detector modules for Neutron counters. a) Shows the moderator, b) Neutron
counter with high voltage input and preamplifier, c) the Neutron counter inside the mod-
ulator.
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energy signal from the PIN diode on the other hand is delayed for 200ns and then sent to
the Charge to Digital Convertor (QDC Phillips Scientific 7166).
The time signal from the MCP “start” detector is delayed for 30ns then sent to the
coincident circuit before being taken to the start TDC. The time signal from the PIN
diode is also sent to the coincident circuit which identifies fission event that take place
in-coincidence. Three outputs for each event are produced from the coincidence circuit,
one is the gate signal that is sent to the QDC, the second one is the start signal that is
sent to the TDC, and the third one is the LAM (Look-At-Me) signal that is sent to the
Analog Digital Convertor (ADC). The LAM signal is used by the data acquisition system
to initiate data acquisition. The QDC, TDC, and ADC signals are sent to the CAMAC
BUS which sends signals to the Crate Controller where the computer records the data
from. The scheme for the electronics of the COMETA is shown in Fig 2.4.
2.5 Light Ions Spectrometer
2.5.1 Physical Motivation
Registering fission fragment energy with silicon based detectors comes with a challenge
of pulse-height defect (PHD) which leads to the delay of energy signal. In general PHD
is defined as the difference between the energy of a heavy ion and that of an alpha par-
ticle yielding the same pulse height. It is also known that the pulse height for a heavy
ion is bigger than that of a light ion of the same energy. The other challenge is “plasma
delay” which manifests itself with the reduction of the pulse rise time with decreasing Z
proton number for lower intermediate mass fragments, for which the generated charge is
completely absorbed by the detector.
Studies of PHD showed that its value consists of three components and each of them
has a complicated dependence on the mass M and energy E of the registered fragment. It
is also equally known that the energy E of the registered fragments is in turn dependent on
the PHD value and the type of the detector used. The procedure that takes into account
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FIG. 2.4. Scheme for the electronics of the COMETA Spectrometer.
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the PHD value for the registration of the fragments is discussed in chapter 3. In this section
the focus is on a new setup designed to take into account the negative influence of the so
called “plasma delay” when registering fragment time on the PIN diodes.
2.5.2 Description of the LIS Setup
The Light Ion Spectrometer (LIS) consists of three Micro-Channel Plate (MCP) timing
detectors arranged as shown in Fig 2.5. The first MCP (referred to as “start” MCP) is
FIG. 2.5. Schematic view of LIS setup.
used to deliver a “start” signal and the other two MCPs (referred to as “stop” MCP1 from
arm 1 and “stop” MCP2 from arm 2) are used to deliver a “stop” signal from both arms.
The energy signal is measured from the two PIN diodes. PIN1 is used in the first arm
and PIN2 is used in the second arm. The distance between the “start” MCP and both
stop MCPs is 84mm and the distance between each “stop” MCP and a PIN diode in the
corresponding arm is 48mm that makes the distance between the start MCP and each PIN
to be 132mm as shown in Fig 2.5. The size of each PIN is 18mm× 18mm. Note that for
the LIS setup each arm consists of only one PIN diode detector.
LIS setup is installed in a specially designed two vacuum pump system, which consists
of the main and secondary vacuum pump. The secondary vacuum pump is used to estab-
lish a vacuum of 2× 10−2bar after which the main vacuum is switched on to increase the
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vacuum to 2× 10−5bar. The picture of the detector system for the LIS setup is shown in
Fig 2.6 with the overall view of the setup shown in Fig 2.7.
FIG. 2.6. Side and front view of the detector system of the LIS setup.
2.5.3 Electronics of the LIS Setup
The electronics scheme of the LIS setup is shown in Fig 2.8. As indicated in the scheme
the energy or charge signal from each MCP detector is delayed for 100ns and then taken
directly to the Charge to Digital Convertor (QDC Phillips Scientific 7166). The energy
signal from each PIN diode is taken to the Constant Fraction Discriminator (CFD CF
8100) after which it is delayed for 200ns before being taken to the QDC. The following
parameter labels are used for the energy signal scheme in the LIS setup:
Q1 Energy from PIN1
Q2 Energy from PIN2
Q9 Energy from “start” MCP
Q10 Energy from “stop” MCP1
Q11 Energy from “stop” MCP2
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FIG. 2.7. Overview of the LIS setup, the connections of the detector system inside the
vacuum chamber shown in (a), the data acquisition system shown in (b), and the overview
of the LIS setup and some of the electronics shown in (c).
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The time signal from all the MCP detectors is taken to the CFD and then delayed for
100ns before being taken to the Time to Digital Convertor (TDC Silena 4418). The time
signal from each PIN diode is taken to the CFD and delayed for 100ns before being taken
to the TDC. Label parameters for time signal are given below:
T1 Time signal from PIN1
T2 Time from PIN2
T6 Time signal from “start” MCP
T7 Time signal from “stop” MCP1
T5 Time signal from “stop” MCP2
The MCP start signal (T6) is split into two, with the first signal delayed for 100ns before
being sent to the TDC. The second signal is delayed for 30ns before being sent to the
coincidence circuit. The “OR” signals from the CFD of each PIN is sent to the coincident
circuit to detect coincidence events. From the LAM signal onwards the electronic scheme
for the LIS setup is similar to that of the COMETA setup.
2.6 Data Acquisition System
The data acquisition system for both the COMETA and LIS spectrometers is based on
the FOBOS spectrometer data acquisition system [Ort98]. The entire system is composed
of several computers with the x86 processor under the Win32 operating system (from
Windows XP up to Windows 7). Use of these operating systems and the x86 processor
provided the lab with the flexibility to scale up the computational power of the data
acquisition system. The main feature of the data acquisition system is the possibility of
the online accumulation of experimental data, pre-sorting and visualization of the data
without reduction of the acquisition speed. This also provides the possibility to analyse
data off-line. The major components of the data acquisition system are WinELTEC, Mini-
Client, Htask and Hoopsy32.
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FIG. 2.8. Scheme for the electronics for LIS setup.
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2.6.1 WinELTEC
WinELECT is a basic program-server whose main task is to control the modules of the
CAMAC crate. The CAMAC crate itself is responsible for the collection of physical in-
formation from the experiment. The connections between the computer and the CAMAC
crates are carried out by a specially designed PCI crate controller [Sem01] and the corre-
sponding windows drivers. The WinELTEC program is also used in the initial set up of
the CAMAC crate modules and controls the module parameters throughout the duration
of the experiment. The operation of this program is triggered by a LAM signal from the
crate controller.
2.6.2 Mini-Client
The Mini-Client is connected to the WinELECT and serves as a remote control for data
acquisition. The main function of this program is to periodically acquire the number of
slow changing system parameters and present them in a table format that can be viewed
through a web-interface.
2.6.3 Htask
The Htask program prepares a configuration file that contains the description of all the
experimental hardware to be used by WinELTEC. It can also be used as an emulator for
the preliminary adjustment of the system.
2.6.4 Hoopsy32
This is the main program which connects directly to the WinELTEC according to the
hardware description. Hoopsy32 collects and views all the experimental data and saves
them into files. The features of this program allow the user to view the experimental
spectra in one and two dimensions on-line. The user can also work with this program on
the saved data files off-line.
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2.6.5 HopRead32
The HoRead32 is a stand alone form of Hoopsy32. It only reads the data files created by
Hoopsy32 and performs off-line processing and graphical representations of the experimen-
tal information stored on the files. The user can use this program to impose conditions
on the one or two dimensional spectra using primary parameters already stored in the
program or can use the user defined parameters.
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Data Analysis
3.1 Introduction
This chapter outlines all the processes and procedures involved in the analysis of data.
The chapter is structured in the following way:
1. Determination of the detection efficiency of the neutron belt in the COMETA setup
2. Determination of the stability of the experimental data.
Determination of the detection efficiency of the “neutron belt” has two components. The
first component is based on an earlier model used in the determination of the optimal
configuration of the “neutron belt” detectors. This model is based on the Monte Carlo N-
Particle (MCNP) code [Shu06] which simultaneously simulates the optimal configuration
of the neutron detectors and the estimated detection efficiency. The second component
involves the determination of detection efficiency using experimental data.
Determining the stability of the experimental data involves all the processes and procedures
followed in tracking down any variations in the experimental data due to electronics and
the rest of the equipment used to collect the data. This is then followed by the description
of processes followed in the calculation of the masses of the fission fragments (FF). Re-
constructing fission fragment masses is an involved and complicated task, as one needs to
take into account effect of a so called pulse-height defect (PHD), as discussed in chapter 2.
41
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This process is divided into two parts with the first focusing on the “first approximation”
approach and the second on the “true energy calibration” approach.
In the “first approximation” the PHD value is approximated roughly and in the true
energy calibration process the exact PHD value is calculated and used to reconstruct the
mass of the FF. Lastly a process that takes into account a so called “plasma delay” in
the registration of time-of-flight (TOF) using silicon detectors is discussed. Taking into
account the plasma delay and the correct velocity measurement is the most important part
of the data analysis process.
3.2 Detection Efficiency of the “Neutron Belt” of the
COMETA Setup
As discussed in Chapter 2, the COMETA setup consists of 28 3He filled neutron counters
that are positioned as a belt around a start detector of the COMETA setup. The neutron
counters detect neutrons in coincidence with fission events. This means that when the
fission event is registered by the mosaics, it triggers the neutron counters to open a gate
for the detection of neutrons. However not only neutrons from the event that opened the
gate are being detected, there are neutrons from previous fission events and experimental
hall that are detected during the time interval when the gate is opened. Such neutrons
are referred to as background neutrons. There is a complicated convolution between the
neutrons from the fission event and background neutrons. The detailed process to analyze
the detection of neutrons and calculate the detection efficiency is presented in the follow-up
subsections.
3.2.1 Modeling of the “Neutron Belt”
One of the key features of the COMETA setup is the “neutron belt”. The optimum
configuration of the “neutron belt” was designed with the use of the Monte Carlo N-
Particle (MCNP) simulation code. Different configurations were examined to arrange the
neutron counters in the belt with the use MCNP code. Table 3.1 shows a comparison of
the different configurations of the neutron counters. In order to obtain the best possible
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configuration one needs to maximize the ratio between two probabilities. This ratio is
given by
Piso
Pmov
(3.1)
where Piso is the the probability to detect neutrons from the isotropic source and Pmov is the
probability to detect neutrons from the moving source. From the results of this modeling
shown in Table 3.1 we simultaneously obtain the optimum configuration to use for the
“neutron belt” and an estimation of the detection efficiency of each specific configuration
which is given by the value of Pmov. For our purposes the optimum configuration is given
in the first row of Table 3.1. The difference between the configurations shown in Table 3.1
is that extra moderators without neutron counters are added on the structures shown in
raw two and three.
TABLE. 3.1. Different configurations to arrange neutron counters in the belt.
Configuration P−iso P−mov P−iso/P−mov
11.8% 5.23% 2.27
16.17% 7.77% 2.08
25% 13% 1.9
3.2.2 Calculating the Detection Efficiency of the “Neutron Belt”
Using Experimental Data
It is well known that fission events are always accompanied by neutron emission. When
a fission event is registered by the mosaics, it triggers the “neutron belt” to open a gate
for the detection of neutrons emitted from that specific event. The challenge is that back-
ground neutrons from the experimental hall and previous fission events are also detected
during this time interval. To solve this challenge, background neutrons are experimentally
estimated by using a precise generator that emits up to four neutrons during specific in-
tervals. This background is then subtracted from the neutron counts as explained below.
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According to the probability theory, the probability for the neutron counters to detect
i neutrons when n neutrons are emitted is given by the binomial probability law as follows:
Pdet−f [k] =
∑
k=i
Pemit[n]ε
i(1− ε)n−iCni (3.2)
where Pdet−f [k] is the probability for neutron counter to detect k number of neutrons,
Pemit[n] is the probability to emit n neutrons per fission of
252Cf nucleus, n is the number of
neutrons emitted from fission events, i gives the number of neutrons detected by the neutron
counters and ε is the detection efficiency to be calculated. The probability for the 252Cf
source to emit neutrons is given in Table 3.2 and was obtained from literature [Tyu03].
TABLE. 3.2. Probability of emission of n neutrons in 252Cf source.
n 0 1 2 3 4 5 6 7 8 9
Pemit[n] 0.0025 0.0282 0.1199 0.2681 0.3056 0.1951 0.0674 0.0084 0.0045 0.0004
Equation 3.2 allows us to calculate the probability of detecting neutrons from fission events
without background. In order to develop a precise procedure for the calculation of the
detection efficiency of the neutron counters, background neutrons should be taken into
account. To this end the neutron generator, as was mentioned above, was used to estimate
background neutrons. Thus, if Pgen[j] is the probability of neutron counters to detect
neutrons emitted by the generator, then the experimental expected number of neutrons to
be detected denoted by Pexp[i] is given by:
Pexp[i] =
∑
i
Pdet−f [k]× Pgen[j] (3.3)
where j is the number of neutrons emitted by the generator. The distribution that we
obtain from equation 3.3 should correspond to the experimental data since it includes the
background neutrons. From equation 3.3 it is clear that the experimental distribution for
the number of detected neutrons is a convolution of neutrons from fission events and back-
ground neutrons.
In order to calculate the detection efficiency denoted by ε in equation 3.2, a fitting pro-
cess was applied where different distributions were calculated using equation 3.3. These
distributions were then compared with the experimental data. The comparison process
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was performed using a specially designed C++ program. The different distributions were
calculated using different detection efficiencies, i.e. 3.75%, 4.00%, 4.25%, 4.5%, 4.75%, and
5.00%. The fitting process was then performed with the experimental data to determine
the correct detection efficiency for the neutron belt. The distribution that gave a best fit
was obtained with the detection efficiency of 4.25%. This best fit for the COMETA setup
neutron belt detection efficiency is shown in Fig 3.1. The complete algorithm of the entire
FIG. 3.1. Comparing the experimental data with the calculated distribution at ε = 4.25%.
process of calculating the detection efficiency is shown in Fig 3.2. As it can be seen from
the algorithm, the probability for the fission source to emit neutrons is used to calculate
the probability for the neutron counters to detect neutrons and this probability is free from
background neutrons. The neutron generator is used to simulate background neutrons and
from the spectrum obtained the probability for background neutrons is then calculated.
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FIG. 3.2. Algorithm for the entire process to obtain the calculated distributions.
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Thereafter, the convolution of the probability to detect neutrons from the fission source
and the probability to detect the background neutrons is calculated using equation 3.3.
The distribution from the convolution is then fitted with the experimental data to obtain
the correct detection efficiency. The detection efficiency is then used to calculate the neu-
tron spectrum without background neutrons. This spectrum is shown in Fig 3.3. The
comparison between the distribution with background neutrons and without background
neutrons is shown in Fig 3.4. It is clear from Fig 3.4 that background neutrons have more
influence at low probabilities.
FIG. 3.3. Number of detected neutrons from fission events only with no background.
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FIG. 3.4. Comparison between the distribution with background neutrons and without
background neutrons.
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3.3 Data Stability
Data stability tests are performed to ensure that data is free from variations due to elec-
tronics used in the experiment. When testing the stability of the data, the possibility of
having any variations in all the energy (E) and time (T ) channels is investigated. The data
acquisition system used for the experiment can automatically perform some preliminary
cross-checks of the data stability parameters, but a detailed analysis is always required.
A stability test is performed by calculating the mean value and the dispersion of the
data in a spectrum. In statistics, mean and dispersion are one of the parameters obtained
from the sampling process. Sampling is an experimental method used to obtain informa-
tion about parameters of an unknown distribution [Leo94]. A brief explanation of this
method is given below.
Consider a sample x1, x2, ..............xN of size N , the sample mean x¯ is defined as
x¯ =
1
N
N∑
i=1
xi (3.4)
And the sample variance is defined as
σ2 =
1
N
N∑
i=1
(xi − x¯)2 (3.5)
The square root of the variance is called standard deviation and denoted by σ. The vari-
ance is therefore given by the average squared deviation of x from the mean. The standard
deviation thus measures the dispersion of the distribution and gives an idea of how much
the random variable x fluctuates about its mean [Leo94].
A special program for analyzing data stability including the formalism given above was
written using FOTRAN 99 code. For data stability each PIN diode detector is analyzed
individually and the energy and time channels are read separately from the data file. For
each channel, the events are divided into groups of 1000 events (due to the large number
of events obtained from the experiment) and the mean for each group is calculated. The
plot for the mean versus the group of events for the time channel from PIN-21 (the first
PIN diode from the second arm) of the COMETA setup is shown in Fig 3.5. Note that
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each point in Fig 3.5 represents a mean of 1000 events.
FIG. 3.5. Mean value µT of time channel from PIN-21 versus the group of events.
3.3.1 Results of Data Stability Test
The aim of performing data stability is to test for instrumental errors which are best de-
scribed by a Gaussian distribution. Therefore a Gaussian distribution is assumed in the
data in order to apply its techniques for the analysis. The mean µT for the time channel dis-
tribution of PIN-21 has been calculated and is shown by the horizontal solid line in Fig 3.5.
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According to the Gaussian distribution, approximately 68% of data points should lie in the
interval µ˜T ± σ˜T and 95.5% of data points should lie in the interval µ˜T ± 2σ˜T to obtain a
stable data. As shown in Fig 3.5 only less than 5% of the data points lie outside the interval
µ˜T ± 2σ˜T meaning that the time channel from PIN-21 is stable. The same procedure is
followed for all the energy and time channels of each PIN diode used in the experiment.
In instances where data input channel is unstable, a reason for the instability is inves-
tigated. There are couples of factors that can affect the stability of the data, with the
two obvious ones being, old or faulty electric cables and variations in room temperature.
Temperature however has a greatest influence on the stability of the data. The obvious
precaution is to ensure stability in the data is to make sure a stable room temperature is
maintained and electrical cables are maintained or replaced timeously.
3.4 Reconstruction of the Fission Fragment Masses
Reconstruction of the fission fragment masses is dependent on the proper registration of
fission fragment energies. To perform the correct mass calculation for the fission fragments
a special calibration process has been developed at Flerov Laboratory. It was mentioned
in chapter 2 that registering the energy of fission fragments (FF) with the use of silicon
detectors presents its own set of challenges. One of these challenges is factoring in the effect
of pulse-height defect (PHD) as was explained in chapter 2. Studies of PHD show that
its value consists of three components (see equation 3.6) with each having a complicated
dependence on the mass M and energy E of the registered fragment. The value of the
PHD (R(M,E)) can be obtained from the following equation:
R(M,E) = Rw(M,E) +Rn(M,E) +Rrec(M,E) (3.6)
Where Rw(M,E) is associated with the loss of energy in the entrance window of the detec-
tor, Rn(M,E) is associated with the energy lost during the collision of heavy ions with the
atoms of crystal lattice in the detector and Rrec(M,E) is associated with the recombination
of electron-hole pairs in the plasma produced along an ion track. Determining the value
of R(M,E) is challenging as it depends on many factors that relate to both the detected
particle and the properties of the detector. The best methods to calculate this value are
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based on the application of empirical formulas. For the purpose of our data analysis a new
empirical formula for PHD description for PIN diodes based on the derivation of Mulgin
et al [Mul97] has been used and is explained below.
The first step of the calibration process comprises the selection of raw data and performs
a direct transformation of channel energies to Mega-electron Volts (MeV ). In this step
the PHD is approximated roughly and the step itself is usually referred to as the “first
approximation”. In the second step a so called “true calibration” process is performed
where the exact value of the PHD is calculated and used to reconstruct the masses of the
fission fragments. A detailed explanation of these steps is given below.
3.4.1 The “First Approximation” Approach
The “first approximation” is based on the simple transformation of energy and time in
channels into MeV and nanoseconds ns respectively. The mass of the fission fragments
in atomic mass units (amu) is calculated using these values. This approach does not take
into account the energy lost in the entrance window of the “start” detector and the source
backing. The PHD is roughly estimated during this phase and “plasma delay” in the time
signal is also not taken into account. During this phase raw data is read and transformed
into the necessary required units. Channel energies are converted into MeV ’s according
to the following equation:
Ei[MeV ] = C · exp
(
−Ei[ch]
D
)
+ E0 (3.7)
The values of C,D,E0 are determined by using the known positions for the energy peak
of light and heavy fragment and the natural alpha peak of 252Cf with Eα = 6.118MeV
as shown in Fig 3.6. The subscript i in equation 3.7 shows that each event is processed
individually.
Time in channels T [ch] is converted into nanoseconds T [ns] according to the following
equation:
Ti[ns] = A · Ti[ch] +B (3.8)
The values A,B are determined by using the known velocities V refL,H of light (L) and heavy
(H) fragment from literature [Sch83]. The experimental expected time-of-flight in nanosec-
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FIG. 3.6. Illustration of first approximation energy calibration.
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onds of the light and heavy fragment is calculated as follows:
TL,H =
LTOF
V refL,H
(3.9)
where TL,H is the time-of-flight of the light and heavy fragment and LTOF is the flight path
of the fission fragments. Knowing the values of TL,H from equation 3.9 one can calculate
the value of A as follows:
A =
TH [ns]− TL[ns]
TH [ch]− TL[ch] (3.10)
The value of B is calculated as follows:
BH,L = TH,L[ns]− A · TH,L[ch] (3.11)
There is however a significantly small difference in the values on BH,L obtained for the
heavy fragment and that obtained for the light fragment. The average between the two B
values is calculated as follows:
B =
BH +BL
2
(3.12)
Once the values of A and B have been calculated, equation 3.8 is then used to convert
channel time into nanoseconds. This time is then used to calculate the velocity of the
fragments in centimeters per nanoseconds as shown below
Vi[cm/ns] =
LTOF
Ti[ns]
(3.13)
Using equation 3.7 and 3.13 one can calculate the mass of the FF as follows:
Mi[amu] =
1.9297Ei[MeV ]
(Vi[cm/ns])
2 (3.14)
After processing all the individual events, a mass spectrum is obtained. The “First Ap-
proximation” approach is illustrated in Fig 3.7.
3.4.2 True Energy Calibration and Reconstruction of FF Masses
The reconstruction of the FF masses follows a specially designed process which constitutes
calculation of the true energy of the fragments. The main idea behind this procedure is to
calculate the FF mass spectrum Yex(MTE) with the relevant parameter values and compare
it with a known one from the literature [Wah88]. This procedure is applied to every single
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FIG. 3.7. The “first approximation” approach in the FF masses reconstruction.
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detector. The energy E in MeV , of the registered fission fragment is defined as the sum
of the detected energy Edet and the pulse-height defect denoted by R(M,E):
E = Edet +R(M,E) (3.15)
where the detected energy of fission fragments is given by:
Edet = E[ch] · Ek + E0 (3.16)
where Ek and E0 are calibration parameters. These parameters are calculated experi-
mentally by using a high precision pulse generator (ORTEC 448 Research Calibrator) and
natural alphas for 252Cf source. The expression for the pulse-height defect in equation 3.15
was proposed by Mulgin et al [Mul97] and is given as follows:
R(M,E) =
λ · E
1 + φ · E
M2
+ α ·ME + β · E (3.17)
where λ, φ, α, β are parameters for the “true calibration”. In addition we know that:
E =
M · V 2
1.9297
(3.18)
where E is the energy of the FF in MeV , M is the mass of the FF in amu and V is
the velocity of the FF in cm/ns. The velocity, for this purpose is calculated using the
parameters obtained from time calibration. From the above equations, we can calculate
the mass of the fission fragment provided the parameters λ, φ, α, β are known. It is worth
mentioning that the numerical values for the parameters λ, φ, α, β proposed in [Mul97]
make it impossible to reconstruct the mass MTE of the FF due to the different type and
size of the PIN diodes used in the experiment.
In order to find the correct values of the parameters λ, φ, α, β a special iteration pro-
cedure has been designed. This procedure involves obtaining an analytical solution of the
following equation:
G((λ, φ, α, β),M) = 0 (3.19)
where G is an analytical function that depends on the parameters λ, φ, α, β and the mass
M . To obtain the solution of equation 3.19 above, equations 3.15, 3.17, and 3.18 are
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combined to give the following equation:
MV 2
k
= Edet +
λ · MV
2
k
a+ φ · V
2
Mk
+ α · M
2V 2
k
+ β · MV
2
k
(3.20)
where k = 1.9297 is the constant value. The above equation can be written as follows:
M3 + aM2 + bM + c = 0 (3.21)
with
a =
φV 2
k
+
β + λ− 1
α
(3.22)
b =
kEdet
αV 2
+
φV 2
αk
(β − 1) (3.23)
c =
φEdet
α
(3.24)
It is clear that equation 3.21 is a third order equation; therefore its solution consists of
three roots. There are few possibilities for obtaining the roots of this equation depending
on the nature of the roots which is described by the discriminant (∆) of equation 3.21. In
this iterative process only positive real roots taken into consideration with negative and
complex roots neglected. The selected roots are then compared to the value of the mass
obtained from the “first approximation”. A special program for this purpose was designed
using FOTRAN-99 code.
Using the above procedure events from the raw data are processed individually based on
the current values of λ, φ, α, β and mass of the fission fragments is calculated. This mass
is calculated under the condition that MTE ∈ [1amu, 252amu]. This procedure is accom-
plished with the use of the MINUIT package [Jam94] to minimize the following criterion
function by changing the parameters λ, φ, α, β:
F =
[
(〈MLT 〉 − 〈ML〉)2 + (〈MHT 〉 − 〈MH〉)2
]
+ µ
∑
MTE
(Y (MTE)− YT (MTE))2
Y (MTE)
(3.25)
where µ is a free parameter that is chosen by the user and used as an input parameter
to the MINUIT minimization procedure. This parameter plays a role of specific relative
weight of the second term in the criterion function F . The values 〈ML〉 and 〈MH〉 are
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average masses of light and heavy fragments calculated from the experimental mass spec-
trum Y (MTE).
In the above equation (equation 3.25) the known values from literature are denoted by
“T”. It is worth noting that the first square bracket term in equation 3.25 is sensitive to
the difference between the centers of the mass peaks for the fission fragments. The second
term is responsible for the agreement in shapes between the experimental mass spectrum
and the mass spectrum from literature YT (MTE). The quantitative criterion of the cor-
rect fit of the second term in equation 3.25 is based on the Chi-Square distribution. The
algorithm for the “true calibration” approach is shown in Fig 3.8.
3.5 “Plasma Delay” and Correctness of the Velocity
Measurement
As was explained in chapter 2 the CCT fragments differ radically in their masses. This
therefore means that measuring the correct energy and time-of-flight of heavy ions in this
wide range of energies and masses using PIN diodes as “stop” detectors presents us with
two challenges. The first one being the PHD as was explained above and the second is the
“plasma delay”. Below we discuss challenges related to “plasma delay”.
3.5.1 “Plasma Delay”
It is known very well that the pulse formation in the silicon detectors is slowed down for
energetic heavy ions when compared with protons or alpha particles. Beside the increase
of the pulse rise time referred to as “plasma time” there is also an issue of “plasma delay”
as reported in [Alb69], [Mos71]. While there is no real delay in the beginning of pulse
formation, fission fragment pulses are registered a few seconds later than alpha and proton
pulses. Despite the use of the fraction discriminator which should have taken care of
“plasma time” and amplitude fluctuations [Han78]. This extra delay referred to as “plasma
delay” seems to be caused by a change of pulse shape as shown in Fig 3.9. The distance
(d) in the figure between the intersections of the extrapolated linear part of the pulse with
the base line is approximately equal to the “plasma delay” difference measured with a
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FIG. 3.8. The “true energy calibration” approach and reconstruction of FF masses.
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CFD [Han78], [Nei83].
FIG. 3.9. Illustration of “plasma delay” for heavy ions (HI) compared to protons (p) as
defined in [Han78] and [Nei83].
3.5.2 “Plasma Delay” Correction
The commonly used method to correct the effect of “plasma delay” is to measure the TOF
spectra at two different distances and extrapolate the peak position to zero. This method
was earlier used by Kim Y.S. et al in their study of the Double arm fission fragment spec-
trometer [Kim93]. This method was however not too reliable and Kim Y.S. et al had to
use an alpha emitter as a calibration source and the so called Neidel and Henschel for-
mula [Nei80] to calculate “plasma delay”.
In our study the influence of “plasma delay” was solved by designing a special spectrome-
ter called Light Ion Spectrometer (LIS). LIS measures the TOF using two Micro-Channel
Plate (MCP) timing detectors placed in the same line producing a flight path of the fission
fragment between each other. This idea uses one MCP as a “start” detector and the next
one as a “stop” detector, thus measuring the timing signal from the MCP detectors (see
also Fig 2.5 - 2.8). This is to ensure that the timing signal is free from plasma delay
influence.
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Results and Conclusion
4.1 Introduction
After the design and construction of the Light Ions Spectrometer (LIS) was completed a
number of tests were performed to check the reliability and operation of the system. A first
experiment with a 252Cf source was performed using the calibration procedure described
in the previous chapter. Data obtained from this first experimental run was processed and
compared with known results from literature. The focus of this chapter is the analysis of
the data from the LIS experiment and the presentation of the results.
4.2 The First Experimental Results from LIS setup
The mass spectrum obtained from the LIS setup is presented in Fig 4.1 below. The figure
shows mass distributions from PIN1 (Mte 1 PIN) and PIN2 (Mte 2 PIN) obtained using
the true calibration procedure explained in chapter 3. The distributions are compared to
the known mass distribution of fission fragments of 252Cf from literature [Wah88].
It can be seen from the figure that the data from our experiment agree well with spectrum
from literature. Specific parameters obtained from the experiment which can be deduced
from the spectrum in Fig 4.1 are shown in Table 4.1. The mean of the mass of the light
fragment 〈ML〉 in atomic mass units and the mean of the mass of the heavy fragment
61
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FIG. 4.1. The mass spectra obtained from LIS setup through the true calibration procedure
compare to the known mass spectrum from literature [Wah88].
Stellenbosch University http://scholar.sun.ac.za
Chapter 4. Results and Conclusion 63
〈MH〉 for PIN1 and PIN2 of LIS setup is compared with the parameters from literature.
The standard deviation for both the light and heavy fragments ( σL and σH) are also
shown in Table 4.1. The calculated velocity spectra obtained from PIN1 (Vel1pin) and
TABLE. 4.1. Parameters obtained from the first experiment using LIS setup.
Parameter Average on PIN1 Average on PIN2 Data from [Wah88]
ML in amu 105.82±0.05 105.76±0.07 106.91
MH in amu 140.91±0.04 141.28±0.06 141.46
σML in amu 6.0 6.0 5.8
σMH in amu 5.7 5.7 6.2
PIN2 (Vel2pin) are compared with the known spectra from literature [Sch83] and shown
in Fig 4.2.
A Comparison of the velocity and energy parameters from our first experiment with re-
sults from from literature is shown in Table 4.2. In the table, average velocities of the
light and heavy fragments are denoted by 〈VL〉 and 〈VH〉 respectively and given in units of
cm/ns. The average energies of the light and heavy fragments are also given in the table
and denoted by 〈EL〉 and 〈EH〉 respectively. The energy parameters obtained from this
experiments are compared with the parameters from [Yam07]. The results in Fig 4.2 and
Table 4.2 agrees very well with the literature results. The velocity obtained from the time-
TABLE. 4.2. Comparison of the velocity and energy parameters of the LIS setup
with results from literature.
Parameter Average on PIN1 Average on PIN2 [Sch83] [Yam07]
VL in cm/ns 1.373±0.077 1.373±0.083 1.375±0.007
VH in cm/ns 1.031±0.083 1.031±0.088 1.036±0.005
σVL in cm/ns 0.064 0.065 0.067
σVH in cm/ns 0.072 0.072 0.080
EL in MeV 104.46±0.06 104.41±0.06 103.9
EH in MeV 79.86±0.02 79.61±0.02 80.3
σEL in MeV 4.47 4.49 5.8
σEH in MeV 9.66 9.66 6.2
of-flight (TOF) between two MCPs versus the velocity obtained from the TOF between the
“start” MCP and PIN1 diode of the first arm is shown in Fig 4.3. The events of interest
are marked by a green box which represents our first gate (W1) on the experimental data.
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FIG. 4.2. Velocity spectra from the two arms compared with literature spectrum [Sch83].
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The events to the left of W1 are due to the scattered fission fragments on the mirror of
the “stop” MCP based detector. A similar distribution obtained from the second arm is
shown in Fig 4.4 with a similar gate set for the events of interest.
FIG. 4.3. The velocity from the MCP-MCP time of flight versus the velocity from the
PIN-MCP time of flight of the first arm.
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FIG. 4.4. The velocity from the MCP-MCP time of flight versus the velocity from the
PIN-MCP time of flight of arm two.
The distribution that shows the mass calculated from the events detected in PIN1 (Mte1)
versus the mass calculated from the events detected in PIN2 (Mte2) is shown in Fig 4.5.
This distribution was obtained using the “first approximation” calibration method as de-
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scribed in chapter 3.
FIG. 4.5. A mass versus mass distribution of the events selected by the W1 and W2 gates.
A specific CCT mode based on the double magic Sn cluster has been outlined in previous
chapters as the key point of investigation. This mode, the “Sn-lost” CCT mode, is marked
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by the green box in Fig 4.5 above. Our results as given above show events linked with this
“Sn-lost” CCT mode. These results point to the reliability of the LIS setup in studying
the “Sn-lost” CCT mode. A significant point considering that this mode could possible
lead to the new lead radioactivity as discussed in chapter 1.
4.3 Conclusion
4.3.1 Summary
Two multi-detector registration systems for the study of multi-body decays of heavy nu-
clei, namely, COMETA (Correlation Mosaics Energy - Time Array) setup and Light Ions
Spectrometer (LIS), have been successfully designed and tested. The COMETA setup was
designed with the aim of revealing all the CCT partners directly. In order to achieve this,
a belt of neutron counters was installed around the “start” detector of the COMETA setup
as shown in Fig 2.1.
The optimum configuration to arrange the neutron counters in a belt was determined
with the use of the Monte Carlo N-Particle (MCNP) simulation code. The code was also
used to determine the detection efficiency of the “neutron belt”. An optimum detection
efficiency value of 4.25% was obtained. The procedures involved in the calculation of
the detection efficiency have been presented in the following references [Kam10b] [Kam11]
[Pya11a] [Pya12].
It was mentioned in chapter 2 that the use of the COMETA spectrometer in the investiga-
tion of the CCT mode had two draw backs namely PHD and “plasma delay”. The PHD
effect was solved by a specially designed calibration procedure but the “plasma delay”
could only be solved by the design of a new spectrometer setup. Success of this calibration
procedure to solve the PHD effect can be seen in the data agreement between our experi-
mental mass distribution and the data from literature [Wah88]. Results of our work using
this particular calibration procedure are presented in [Mal11].
It was already mentioned that the “plasma delay” effect was solved through the design
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of the new spectrometer setup called LIS. This setup was able to reveal the so called “Sn
lost” CCT mode which is a specific CCT mode based on the lost double magic 132Sn
nucleus. Results from this setup are still to be published.
4.3.2 Conclusion
For a number of years the Flerov Laboratory of Nuclear Reactions (FLNR) of the Joint
Institute for Nuclear Research (JINR) has conducted studies of the multi-body decays
of low excited nuclear systems commonly referred to as Collinear Cluster Tri-partition
(CCT). This mode is named as such because it involves three decay partners that fly apart
collinearly unlike in conventional binary fission which only involves two decay partners.
CCT is energetically more favourable than the conventional binary fission and the full
understanding of its mechanism holds new possibilities for future application. While two
decay partners were identified directly in previous experiments with the third partner iden-
tified through the missing mass method, the aim was always to identify all three partners
directly.
The aim of this study was to design, develop and test the new systems of spectrome-
ters aimed at the direct detection of all three decay partners of this rare CCT decay mode.
At this point it is known that there are three different types of ternary decays of low
excited nuclei, namely, conventional ternary fission, polar emission and collinear cluster
tri-partition (CCT). Looking at the polar emission and the CCT, there might be a link
between them when the CCT is accompanied by a light charged particle. Based on the
two multi-detector registration systems presented in this thesis, a new framework can be
followed to compare all the three ternary decays to achieve a unified experimental approach
for ternary decay.
4.3.3 Future work
Progress achieved in this study on CCT measurements has encouraged us to plan new
experiments. One of the planed experiments is making use of the electrostatic guide based
VEGA (V-E Guide based Arrangements) Setup at the IBR-2 reactor (installed at the Lab-
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oratory of Nuclear Problems of the JINR in Dubna, Russia) for the study of collinear prod-
ucts of the multi-cluster decay. The aim of this particular experiment is the detection of
the middle-light (masses ∼ 40amu) CCT products from the 235U(nth, f) and 229Th(nth, f)
reactions at the VEGA setup. The other planned experiment is to use LIS and COMETA
spectrometers to search for new kinds of cluster decay namely ternary lead radioactivity.
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